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Abstract: Bioconversion of lignocellulosic resources offers an economically promising path to renewable energy. Technological chal-
lenges to achieving bioconversion include the development of cost-effective processes that render the cellulose and hemicellulose
components of these resources to fermentable hexoses and pentoses. Natural bioprocessing of the hemicellulose fraction of ligno-
cellulosic biomass requires depolymerization of methylglucuronoxylans. This requires secretion of endoxylanases that release xy-
looligosaccharides and aldouronates. Physiological, biochemical, and genetic studies with selected bacteria support a process in which
a cell-anchored multimodular GH10 endoxylanase catalyzes release of the hydrolysis products, aldotetrauronate, xylotriose, and xy-
lobiose, which are directly assimilated and metabolized. Gene clusters encoding intracellular enzymes, including «-glucuronidase,
endoxylanase, S-xylosidase, ABC transporter proteins, and transcriptional regulators, are coordinately responsive to substrate induc-
tion or repression. The rapid rates of glucuronoxylan utilization and microbial growth, along with the absence of detectable products
of depolymerization in the medium, indicate that assimilation and depolymerization are coupled processes. Genomic comparisons
provide evidence that such systems occur in xylanolytic species in several genera, including Clostridium, Geobacillus, Paenibacillus, and
Thermotoga. These systems offer promise, either in their native configurations or through gene transfer to other organisms, to develop

biocatalysts for efficient production of fuels and chemicals from the hemicellulose fractions of lignocellulosic resources.
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Introduction

Interest in developing alternatives to energy derived from fos-
sil fuels has led to the development of microbial biocatalysts for
the production of fuel ethanol and chemical feedstocks from re-
sources renewable through photosynthesis. Yeast fermentation of
glucose derived from starch and sucrose has allowed industrial
production of ethanol from corn, sorghum, and sugarcane, and a
similar process may be applied to the glucose derived from the
cellulose fraction of lignocellulosic biomass (Agbogbo & Caward-
Kelly, 2008; Dien et al., 2003; Sedlak & Ho, 2004). With attention
now directed toward the efficient bioconversion of the lignocel-
lulosic fraction derived from wood and agricultural residues, as
well as evolving energy crops, there is a need for efficient conver-
sion of both the hemicellulose and the cellulose fraction of these
resources (Chundawet et al., 2011; Himmel et al., 2007).

Development of Biocatalysts for Saccharide
Fermentation

The ability of genetically malleable Gram-negative bacteria, for
example Escherichia coli and Klebsiella oxytoca, to efficiently ferment
pentoses and hexoses has led to the engineering of strains of
these bacteria for bioconversion of pretreated lignocellulosics to
biobased products, and made them attractive candidates for the
industrial production of fuel ethanol and chemical feedstocks
(Dien et al., 2003; Ingram et al., 1987, 1999; Jarboe et al., 2007;
Shanmugam & Ingram, 2008). The Gram-negative Zymomonas

mobilis, with its metabolic commitment to ethanol fermenta-
tion via the Entner-Douderoff pathway, has been engineered
for pentose fermentation and may also be used for industrial
production of ethanol from cellulosic resources as well as starch.
Gram-positive biocatalysts, for example species of Clostridium,
Thermoanaerobacterium, Bacillus and Caldocellulodisruptor spp., have
also been developed for production of biofuels and chemicals
(Lynd et al.,;1999; Shanmugam and Ingram, 2008; Shaw et al,,
2008; Straub et al., 2019; Zhang & Lynd, 2005). Yeast strains have
been developed for xylose fermentation and may provide useful
alternatives for the conversion of hemicellulose-derived pentoses
to ethanol (Jeffries, 2006; Jeffries & Jin, 2004; van Maris et al., 2006).
Some of the Gram-positive bacteria, for example Clostridium, Ther-
moanaerobacterium, and Caldicellulodisruptor spp., that have been
evaluated as biocatalysts for production of ethanol secrete cel-
lulases and/or xylanases that may contribute to polysaccharide
depolymerization as well as fermentation (Lynd et al., 2002; Mai
& Wiegel, 2000; Shaw et al., 2008; Straub et al., 2019).

Pretreatment of Lignocellulosics for
Saccharification and Fermentation

For hardwood and crop residues, as well as candidate en-
ergy crops, for example poplar and switchgrass, the cellulose
and hemicellulose fractions comprised of fermentable sug-
ars represent 40-45% and 18-22% of the total biomass, re-
spectively (Saha, 2003). Industrial protocols for fermentation
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of plant biomass have generally relied upon thermochem-
ical pretreatments for solubilization and hydrolysis of the
hemicellulose fraction, leaving the insoluble cellulose for
enzyme-mediated conversion to fermentable glucose. Com-
mon practice has been treatment in dilute acid (0.5-1.5%
sulfuric acid) at high temperature (120-140°C), followed by
separation of released saccharides from the unhydrolyzed cel-
lulose fraction before enzymatic digestion and fermentation.
Alternatively, the cellulose fraction may be subjected to fungal
cellulases in the presence of ethanologenic biocatalysts without
removal of the acid hydrolysate, allowing the simultaneous
saccharification and fermentation (SSF) of glucose derived from
cellulose and pentoses from the hemicellulose fraction.

A structural polymer common to hemicellulose fractions,
and predominant in those derived from crop residues, is O-
acetyl-arabinoglucuronoxylan, a g-1,4-linked xylan in which
D-xXylopyranose residues are variably substituted at 2-O positions
with «o-4-O-methylglucuronic acid (MeGA), and at 2-O and/or
3-O positions with «-L-arabinofuranose or acetyl groups. In
hardwoods, the hemicellulose lacks arabinose substitutions and
is referred to as methylglucuronoxylan (MeGAX,). The degree to
which xylose residues contain MeGA substitutions may be as high
as 1in 6 in the xylans in wood, with lesser amounts in xylans from
straw and grasses (Jacobs et al., 2001; Dien et al., 2006; Preston
et al., 2003). During the acid pretreatment step, arabinofuranosyl
and O-acetyl groups are removed, and the -1,4-xylosidic linkages
are cleaved, resulting in the release of free xylose that is then
available for fermentation by ethanologenic strains of E. coli and K.
oxytoca. The release of xylose residues that are substituted with a-
1,2-methylglucuronate is incomplete, generating quantities of the
aldobiuronate, 4-O-methyl-D-glucuronosyl-e-1,2 xylose (MeGAX),
which cannot be fermented by the ethanologenic biocatalysts in
current use. Anumber of thermochemical pretreatment protocols
have been developed to maximize yields of fermentable pentoses,
for example xylose, as well as minimize inhibitor formation,
for example furfural, that are generated from the dehydration
of xylose (Liu & Wyman, 2005; Lloyd & Wyman, 2005; Wyman
et al.,, 2005). These protocols may release greater amounts of
aldouronates and lesser amounts of fermentable xylose and xylo-
biose. The development of biocatalysts to efficiently depolymerize
MeGAX, and directly assimilate and ferment all of the products
of depolymerization would allow for a more cost-effective pro-
duction of biofuels and chemicals from lignocellulosic resources.

Bacterial Candidates for the Bioconversion
of Hemicellulose

Direct utilization of lignocellulosic polysaccharides by bacte-
ria requires the secretion of glycohydrolases, including B-1,4-
endoglucanases (cellulases) and B-1,4-endoxylanases. Additional
enzymes, including arabinofuranosidases and esterases, may also
be secreted to process xylans for depolymerization and assim-
ilation (Kuhad et al., 1997). This capability is found in many
species of Gram-positive bacteria. Several Clostridium spp. with
their cell-associated cellulosomes allow secreted cellulases to
release cellobiose at the cell surface that may be efficiently
assimilated and fermented by these bacteria, as with Clostridium
thermocellum (Zhang & Lynd, 2005). More recent studies with hyper-
thermophilic bacteria, for example Dictyoglomus thermophilum and
Caldicellulodisruptor spp., have provided biocatalysts for the direct
conversion of cellulosic biomass to targeted fermentation prod-
ucts (Bergquist et al., 2014; Straub et al., 2019).

Many species of bacteria and fungi secrete endoxylanases and
other glycohydrolases that participate in the depolymerization of
the polysaccharides that comprise the hemicellulose fraction of
lignocellulosics. The extracellular depolymerization of MeGAX, is
catalyzed by endoxylanases in the glycohydrolase families GH30
(previously designated GHS5) (Biely et al., 2015; Hurlbert & Pre-
ston, 2001; St John et al., 2006b, 2010; Vrsanska et al., 2007),
GH10, and GH11 (Biely et al., 1997; Collins et al, 2005; Preston
et al,, 2003; St John et al., 2006a). Members of each of these
families catalyze the cleavage of a xylosidic bond by acid-base
catalysis in which a glutamate residue serves as a nucleophile
and a second glutamate serves as a proton donor, resulting in
a double displacement reaction that retains the anomeric 8-
configuration. Of these enzymes, only the multimodular cell-
associated GH10 endoxylanases, which catalyze the release of
xylobiose, xylotriose, and the aldouronate MeGAXs; in which
the MeGA is linked to the nonreducing terminus of xylotriose,
generate products all of which may be directly assimilated by
xylanolytic bacteria. A diagram depicting the structure of the
O-acetyl-arabinomethylglucuronoxylan and the processing pro-
vided by the different options is presented in Fig. 1.

Paenibacillus sp. JDR-2 as a Model for the
Coupling of the Depolymerization of

MeGAX, With Direct Assimilation and
Metabolism

An aggressively xylanolytic bacterium, Paenibacillus sp. JDR-2, iso-
lated from decaying hardwood, secretes a multimodular GH10
xylanase (XynAl) anchored to the cell surface (St John et al.,
2006a). Genes encoding transcriptional regulators, ABC trans-
porter proteins, a GH67 a-glucuronidase (AguA), a GH10 xylanase
catalytic domain (XynA2), and a putative GH43 g-xylosidase/a-
arabinofuranosidase (XynB), have been located within a contigu-
ous sequence in the genome of this bacterium. All of these genes,
as well as that of the XynA1 xylanase, are coordinately respon-
sive to xylan induction and glucose repression, and collectively
comprise part or all of a xylan-utilization regulon (Chow et al.,
2007; Sawhney et al., 2015, 2016). Physiological and enzymatic
studies support a process in which the MeGAX3 and xylooligosac-
charides (Fig. 1) released by XynA1l anchored to the cell surface
are directly assimilated and metabolized. Growth rates and yields
with MeGAX, as substrate and the absence of detectable xy-
lanase hydrolysis products in the medium suggest that depoly-
merization and assimilation are coupled (Nong et al., 2009). The
genes that comprise the xylan-utilization regulon in the genome
of Paenibacillus sp. JDR-2 were used to identify orthologous genes
in the genomes of other bacteria. The arrangements as well as
sequences of these genes were examined to identify themes to
predict a molecular basis for the formation of enzymes that con-
tribute to the coupling of depolymerization to assimilation and
the metabolism of the assimilated products. The identification of
regulatory genes has also provided insight into the genetic re-
quirements for applying these regulons for the efficient conver-
sion of MeGAX,, to targeted products.

Genomic Organization and Gene Function
of the Xylan-Utilization Regulon of
Paenibacillus sp. JDR-2

The direct and complete utilization of methylglucuronxylan may
be accomplished by bacteria that secrete a GH10 endoxylanase,
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Fig. 1 Pretreatment of O-acetyl-arabinoglucuronoxylan and enzymatic depolymerization of 4-O-methylglucuronoxylan (MeGAX,). (a) Structural
presentation typical for hardwood xylan as a linear chain of g-1,4-linked xylopyranose residues variably substituted at the 2-O positions with

a- 4-O-methyl-D-glucuronopyranosyl residues, and at the 2-O and 3-0 positions with «-L-arabinofuranosyl residues or acetyl ester groups.

(b) Thermochemical pretreatments to release arabinofuranose and acetate from soluble MeGAX,. (c) Digestion of MeGAX,, with endoxylanases of
glycohydrolase family GH10, GH11, or GH30. (d) Release of aldouronates and xylooligosaccharides for direct assimilation or further extracellular

processing.

and transporters that function to actively transport the al-
douronate and xylooligosaccharide products of extracellular de-
polymerization (Biely et al., 1997; Preston et al., 2003). The GH10
endoxylanases may be identified by the characteristic amino acid
sequence of a catalytic domain (295-412 amino acids in length
for the examples in Table 1) that folds into a (B/«)s barrel struc-
ture and directs the positioning of the catalytic nucleophile and
proton donor glutamates for specific hydrolysis of the g-1,4 link-
ages of xylan. A structure for the recombinant XynA1 catalytic
domain (CD) that derives from the cell-associated multimodu-
lar GH10 endoxylanases secreted by Paenibacillus sp. JDR-2 is pre-
sented in Fig. 2a (StJohn et al., 2012). This structure, which defines
the binding site of MeGAXs3, is characteristic of the GH10 endoxy-
lanase family and is typical of the XynA1 catalytic domains of the
bacteria compared in Table 1.

A large number of the secreted GH10 endoxylanases have
been shown to be multimodular, containing carbohydrate-binding
modules (CBMs) that favor interaction with the cellulose and/or
xylan regions of the lignocellulosic complex (Boranston et al.,
2004; Ito et al., 2003; St John et al., 2006a). Many of these multi-
modular enzymes contain surface layer homology (SLH) domains
that anchor the enzyme to the cell surface through molecular
interactions with secondary cell wall polysaccharides of Gram-
positive bacteria (Mesnage et al.,, 2000; Ozedemir et al., 2012;
St John et al., 2006a; Zhao, Ali, et al., 2006; Zhao, Wamalwa, et al.,
2006). The native XynAl from Paenibacillus sp. JDR-2 is a multi-

modular GH10 xylanase that includes three N-terminal CBM22
modules, a single CBM9 module just toward the C-terminus to the
GH10 catalytic domain, and C-terminal SLH domains. Characteri-
zation supports a function as a cell-anchored GH10 endoxylanase
that catalyzes the depolymerization of MeGAX, with formation
of MeGAXj3, xylotriose, and xylobiose, all of which are assimilated
as they are formed (St John et al., 2006a, Nong et al., 2009). The
multiple N-terminal CBM22 modules are predicted to selectively
associate with glucan (i.e. xylan or g-glucan) (Xie et al., 2001) and
the CBM9 module has been shown to be in tight coordination with
reducing terminal sugars (Notenboom et al., 2001). From this as-
sessment, the diagram presented in Fig. 2b reveals a natural direc-
tionality oriented toward the cell surface. This gene is represented
by a single copy in the sequenced genome (Chow et al., 2012), as
shown in Fig. 3.

The absence of aldouronates and xylooligosaccharides in the
medium during growth of Paenibacillus sp. JDR-2 on MeGAX,
predicts an active assimilation and metabolism process sup-
ported by genes encoding an intracellular GH67 AguA and
xylosidases as well as transporter proteins. Previous studies on
glucuronate utilization in Geobacillus stearothermophilus T6 have
identified genes encoding these enzymes and implicated them
in a pathway that includes the assimilation of aldotetrauronate
MeGAX3 and xylooligosaccharides by ABC transporter proteins
followed by intracellular processing and metabolism (Shulami
et al.,, 1999). Expression of genes derived from a cosmid library
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Table 1. Comparison of genes comprising a xylan-utilization regulon in Paenibacillus sp. JDR-2 (PbsJDR-2) with orthologs from other
xylanolytic bacteria. Bacteria were selected for comparison based upon the presence of genes encoding a GH67 «a-glucuronidase (AguA),
a multimodular GH10 xylanase (XynA1l) with a secretory signal sequence, a unimodular intracellular GH10 xylanase catalytic domain
(XynA2), a substrate-binding protein located within a contiguous sequence of genes encoding other components of an ABC transporter
complex and a regulatory protein, all proximal to the aguA gene. Selections based upon these criteria are presented to include the
percentage of their amino acid similarities (SI) to PbsJDR-2 as determined by blastp

Genome AguA XynA1 CD¢ XynA2 Sbp AraC RR

Organism? GC% SIP AAs®  GC%d SI AAs  GC% SI AAs  GC% SI AAs  GC% SI AAs  GC%
PbsJDR-2 50.0 100 687 54.5 100 332 50.3 100 341 51.7 100 570 51.6 100 522 49.4
Clost H10 37.4 73 689 41.2 87 332 39.2 55 423 40.3 61 573 38.5 53 525 37.7
GeobMC10 51.0 78 693 53.2 47 369 55.1 78 346 51.4 72 561 52.3 64 533 55.6
GeobT6 47.1 75 679 47.2 51 412 45.1 77 331 46.6 46 441 44.8 37 259 44.0
Strep4680 70.7 66 680 73.0 49 295 68.3 55 358 69.4 42 549 66.5 47 270 80.0
TherMSB8 46.2 74 674 44.6 59 323 48.5 54 347 42.6 42 443 47.2 NA

@The accessions of genome (DNA) and proteins listed in order: Genome, AguA, XynA1l CD, XynA2, Sbp (substrate-binding protein), and AraC RR (regulator of AraC
family). Paenibacillius JDR-2 (PbsJDR-2): NZ_ABKS00000000, EDS50277, EDS53078, EDS50226, EDS50280, and EDS50282; Clostridium cellulolyticum H10 (Clost H10):
NC_011898, YP_002504509, YP_002506636, YP_002505277, YP_002504518, YP_002504515; Geobacillus sp. Y412MC10 (GeobMC10): NZ_ABRG00000000, ZP_03038390,
ZP_03036168, ZP_03040360, ZP_03037615, and ZP_03037929; Geobacillus stearothermophilus T6 (GeobT6): DQ868502, ABI49940, ABI49951, ABI49937, ABI49932, and
ABI49931; Streptomyces avermitilis MA-4680 (Strep4680): NC_003155, NP_822625, NP_826161, NP_823272, NP_822629, and NP_825180; Thermotoga maritima MSB8
(TherMSB8): NC_000853, NP_227871, NP_227877, NP_227886, and NP_228 228. An ortholog-encoding AraC RR in T. maritima MSB8 was not found.

The similarities of protein amino acid sequences (SI) were obtained by Blastp searching individual genomes for matches with translations of individual genes in
Paenibacillus sp. JDR-2

¢The number of amino acids (AAs) in the protein or protein domain.

dThe percent composition of guanine and cytosine (GC%) contained in the DNA encoding the selected protein.

€XynA1 CD represents the catalytic domain defined within the complete sequence of the gene to exclude modules, linkers, and signal domains.
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Figure 2. Presentation of the XynA1l xylanase from Paenibacillus sp. JDR-2. Structural model (a) of XynA1CD from Paenibacillus sp. JDR-2 (PDB accession:
3RDK) (St John et al., 2006a, 2012). The catalytic nucleophile (right, E262, corresponding to E780 in the native enzyme) and the catalytic acid/base
catalyst (left, E138, corresponding to E656 in the native enzyme) are shown juxtaposed in the center straddling the position of the g-1,4-linkage to be
hydrolyzed. Also, from this X-ray crystallographic structure model the glucuronoxylan hydrolysis limit product ligand aldotetrauronate is seen
positioned into the glycone region of the XynA1CD substrate-binding cleft. The catalytic domain of XynA1l consists of amino acids 523-856 of the
multimodular protein (UniProt/TrEMBL Q53145). A cartoon showing the known modular order (b) for XynA1 from Paenibacillus sp. JDR-2. Given this
order, and the module functional annotation this diagram proposes an inherent directionality to polymeric xylan hydrolysis and uptake.

of Paenibacillus sp. JDR-2 (Chow et al., 2007) as well as a full tran-
scriptome (Sawhney et al., 2015, 2016) has defined a contiguous
15 kb sequence designated as an aldouronate-utilization gene
cluster. Based upon homologies with genes defined in other
bacteria, genes within this cluster encoded transcriptional regu-
lators, ABC transporter proteins, a GH67 AguA, a GH10 xylanase
catalytic domain (XynA2), and a putative GH43 B-xylosidase/a-
arabinofuranosidase (XynB). All of these genes, in addition to
xynAl encoding the multimodular xylanase, are coordinately
responsive to xylan induction and glucose repression, and collec-
tively comprise part or all of a xylan-utilization regulon (Chow
et al,, 2007, Sawhney et al., 2016). The catalytic properties of
recombinant AguA and XynA2 have been defined as participating
in the conversion of MeGAXj3 to xylose and xylobiose (Nong et al.,

2009). Based upon the sequenced Paenibacillus sp. JDR-2 genome,
there is a single aguA gene encoding a GH67 AguA and the end
of the aldouronate gene cluster is separated by 1,300,949 bp from
the start of the xynA1 gene (Fig. 3). The coordinate regulation of
the xynA1l genes and those of the aldouronate-utilization cluster
supports their roles within a xylan-utilization regulon.

Orthologous Genes and Genomic
Organization in Other Bacteria

Genomic nucleotide sequences and protein/enzyme amino acid
sequences were used to identify orthologs for all of the genes
comprising the xylan-utilization regulon of Paenibacillus sp. JDR-2.
For species within the bacterial phylum Firmicutes, the presence
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Figure 3. Genomic distribution of structural genes comprising the xylan-

genomic libraries (Chow et al., 2007; St John et al., 2006a) and confirmed

utilization regulon in Paenibacillus sp. JDR-2. Sequences were determined in
in the draft sequence of the genome (DOE Joint Genome Institute, Genome

Project 20399). The accession number to the nucleotide sequence of the operon containing aguA is ABKS01000022 and the accession number to the
nucleotide sequence of xynA1l is ABKS01000003, both available at the National Center for Biotechnology Information (NCBI) site. Recently we received
updates of sequencing progress from Joint Genome Institute (JGI) and we were able to locate, in this update, both the aguA and xynA1 genes within the
nucleotide sequence of a large contig, here designated as contig 1. The nucleotide positions of these genes in this contig are used in this figure.
Nucleotide 956255 is the last coding nucleotide of xynB and nt 960933 is the first coding nucleotide of aguA. Nucleotide 2269148 is the first coding
nucleotide of xynA1 and nucleotide 2273536 is the last coding nucleotide for xynA1. Nucleotide 2377096 is the last nucleotide of this contig.

of genes encoding a multimodular GH10 xylanase containing
SLH domains on the C-terminus and a secretion signal (XynA1)
and homologs of the intracellular GH67 AguA and GH10 xylanase
catalytic domain (XynA2) were used for the selection of candi-
dates for further comparison. G. stearothermophilus T6 is included
as a Firmicutes species that has been the most extensively char-
acterized with respect to structure/function of GH10 xylanases
and GH67 «-glucuronidase, as well as regulation of gene expres-
sion (Shulami et al., 1999, 2007). Thermotoga maritima MSB8 in a
phylum distant to Firmicutes with respect to 16S rRNA sequence
phylogeny contains a cell-associated multimodular xylanase
(Liebl et al., 2008), as well as orthologs for the aguA and xynA2
genes of the selected Firmicutes species. Thermotoga maritima
MSB8 has also been evaluated for gene expression in response to
substrate utilization (Chhabra et al., 2003). Streptomyces avermitilis
is an example of a genome from the phylum Actinobacteria
that has orthologs for all genes comprising the xylan regulon
of Paenibacillus sp. JDR-2, although there are no sequences in
the xylanases that are candidates for cell association. Table 1
presents a comparison of proteins and encoding genes for the
secreted xylanase XynAl, intracellular AguA, intracellular XynA2,
substrate-binding ABC transporter protein (Sbp), and the AraC
response-regulator (AraC RR) protein for these different species.
The most highly conserved protein based upon amino acid se-
quence similarities is the GH67 AguA, followed by the xylanases,
the substrate-binding protein, and then the transcriptional regu-
lator, here represented by the AraC response regulator. The sizes
of the proteins encoded by each gene type are also relatively con-
stant, with the multimodular XynA1l represented only by its cat-

alytic domain. The GC content of each gene is similar to the av-
erage GC content of the respective genome, indicating that these
genes have evolved in their hosts over some time and providing ev-
idence against recent horizontal transfer. Of the sequenced bac-
terial genomes in the genera evaluated here, all but one have a
single copy of the aguA gene. Geobacillus Y412MC10 is the excep-
tion and has a paralog (GYMC10DRAFT_2223) with 61% identity
to the one located within an aldouronate utilization gene cluster.

The secreted GH10 xylanase from T. maritima MSB8 lacks do-
mains on the C-terminus that can be identified as SLH domains
on the basis of sequence. The demonstration that T. maritima MSB8
secretes a GH10 xylanase associated with the outer membrane or
toga through a specific sequence on the amino terminus (Liebl
et al., 2008) provides evidence for another motif to serve a role
similar to that proposed for the SLH domains of other xylanases.
The XynA1 ortholog identified from the sequenced genome of S.
avermitilis contains a CBM domain on the C-terminus, although
it is not known whether this enzyme is associated with the cell
surface.

Multimodular Cell-Associated GH10
Endoxylanases of Bacteria Containing aguA

Domain alignments of multimodular GH10 endoxylanases from
bacteria that have genes encoding orthologs to a secreted GH10
XynAl-like xylanase with C-terminal SLH domains or other
means of surface anchoring, an intracellular GH67 AguA, and an
intracellular GH10 XynA2 are presented in Fig. 4.
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Domain organization of XynAl in bacteria with agu4
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Figure 4. Domain organization of multimodular cell-associated GH10 endoxylanase (XynA1) from bacteria that have genes encoding a GH67
a-glucuronidase (AguA). Sequences of genes orthologous to XynA1 in Paenibacillus sp. JDR-2 were located by searching in IMG (Integrated Microbial
genomes—Ahttp://img.jgi.doe.gov/cgi-bin/pub/main.cgi’page = home). Pjdr2: Paenibacillus sp. JDR-2; GYMC10: Geobacillus sp. Y412MC10; CcellH10:

Clostridium cellulolyticum H10; TmMSB8: Thermotoga maritima MSB8.

In Clostridium cellulolyticum H10, there is a paralog to the xynA1l
Ccel_2319 depicted in Fig. 4. This paralog is the gene adjacent to
Ccel_2319 (Ccel_2320), which, though smaller (encoding a protein
of 1050 amino acids), encodes an additional CBM 4-9 domain. The
extensive studies on the role of SLH domains in their association
with bacterial cell surfaces via interaction with polysaccharides
associated with the S-layer (Cava et al., 2004; Sara et al., 1998) sup-
port such a function for the same domains in many other glyco-
hydrolases secreted by bacteria. Included would be those secreted
by Thermoanaerobacterium spp. and other members of the Clostridi-
ales (Ali et al., 2001; Brechtel & Bahl, 1998; Kosugi et al., 2002; Liu
et al,, 1996) as well species of Caldocellulodisruptor spp. (Ozedemir
et al,, 2012) and the thermophilic Caldanaerobius polysaccharolyti-
cus, which also has a xylan-utilization gene cluster (Han et al,,
2012). This list may be greatly expanded to include additional bac-
terial families and species with genes required for aldouronate
utilization.

Genomic Organization for Orthologs of
Genes Comprising the Xylan-Utilization
Regulon of Paenibacillus sp. JDR-2

To gain insight into the functional arrangement of the genes com-
prising xylan-utilization regulons in different bacteria, completed
or draft sequences were subjected to comparative analysis. The
selection of genomes for comparison was based upon the same
criteria used for comparison of the secreted multimodular GH10
endoxylanases in Fig. 4 and is presented in Fig. 5.

Distribution of xynA1, xynA2, and aguA
Genes and Their Relationship to
Transporter Genes

The distributions of the xynAl gene encoding the secreted mul-
timodular xylanase are variable with respect to the xynA2 and

aguA genes, and have led to the distinction of two regions, one
for xynA1 and the second for aguA (Fig. 5a—c). The absence of se-
cretion signals in xynA2 and aguA, as well as any of the other
genes within the aldouronate gene clusters, suggests that these
all encode intracellular enzymes. The intracellular localization of
XynA2 in Paenibacillus sp. JDR-2 is supported by the application of
an activity assay that distinguishes XynA1 and XynA2 (Nongetal.,
2009). For the Firmicutes species, the region in which the xynA1
gene is found is always distal from the region that includes the
aguA and xynA2 as well as genes encoding ABC transporters and
transcriptional regulators.

The relative locations of aguA and xynA2 are also variable in
the aguA regions, as are the relative positions of these genes
to ABC transporters and transcriptional regulators. Most simi-
lar are Paenibacillus sp. JDR-2 (Fig. 5a) and Geobacillus Y412MC10
(Fig. Sb), for which the aguA gene is found adjacent to xynA2,
both of which are immediately downstream from three genes en-
coding ABC transporter proteins: the substrate binding protein,
permease 1, and permease 2 (ugpB, IplB, and ugpE, respectively).
Notably absent from this group is a gene encoding an ATPase
that is required for transporter function, indicating this activ-
ity may be supplied by a protein encoded by a distal gene, pos-
sibly constitutive if not coregulated with this cluster. Immedi-
ately upstream from the gene encoding the transporter proteins
are two genes encoding transcriptional regulators, including
a signal transduction protein of the histidine kinase family
and a response regulator of the AraC/XylS family, respectively
designated yesM and yesN in Paenibacillus sp. JDR-2 (Figs. 3
and 5a).

Thermotoga maritima (Fig. 5d) has an ortholog of xynA1 (xyl10A)
in a sequence proximal to aguA and an ortholog of xynA2 (xyl10B)
that is separated from aguA by several genes. Of the genomic pro-
files presented in Fig. 5, only T. maritima MSB8 (Fig. 5d) has a gene
encoding an ATPase protein in the transporter cluster, and in fact
has two such genes in both of the five subunit ABC transporters.
The genes encoding the ATPase proteins are 0or0057 and 0r0058 in
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Figure 5. Linear representations of the genomic regions from each four bacteria containing genes encoding multimodular GH10 xylanases and GH67
a-glucuronidases. Nucleotide sequences of these organisms were obtained from IMG (Integrated Microbial
genomes—http://img.jgi.doe.gov/cgi-bin/pub/main.cgi?page = home) and from NCBI (http://www.ncbi.nlm.nih.gov/). Promoters identified by the
BPROM program (http://linux1.softberry.com/berry.phtml?topic = bprom&group = programs&subgroup = gfindb) with a score >4 and not located
within the coding sequence are represented by arrows bent in the direction of transcription. Carbon repression element (CRE) sites were identified by
the PPP program (Prokaryotic Pronoter Prediction—Groningen Biomolecular Sciences and Biotechnology Institute, Haren, the Netherlands). CRE sites,
denoted by downward arrows, are identified in plus and minus strands in accordance with the direction of transcription of the genes in that region.
Annotations of genes are as follows: xynA1l encodes a multimodular GH10 xylanase; xynB encodes a B-xylosidase enzyme. (a) Xylanolytic gene
organization and CRE sites in Paenibacillus sp. JDR-2. Data on nucleotide sequence and gene numbers on the xynAl segment and that on the aguA
segment were obtained from the sequences NZ_ABKS01000003 and NZ_ABKS010000022, respectively, archived in National Center for Biotechnology
Information (NCBI). CRE sites were determined as previously described (Chow et al., 2007). (b) Xylanolytic gene organization and CRE sites in
Geobacillus Y412MC10. Data on nucleotide sequence and gene numbers on the xynAl segment and that on the aguA segment were obtained from the
sequences NZ_ABRG01000001 and NZ_ABRG01000003, respectively, archived in NCBI. CRE 1 is at nucleotide 880514-18, CRE 2 is at nucleotide
888865-19, CRE 3 is at nucleotide 36948-62, and CRE 4 is at nucleotide 365873-86 of their respective archived sequences specified above. A second
aguA is also found in this bacterium, but as the characteristic ABC transporter and transcriptional regulator were not found in its vicinity, it is not
depicted in this diagram. (c) Xylanolytic gene organization and CRE sites in Clostridium cellulolyticum H10. Data on nucleotide sequence and gene
numbers on the xynAl segment and that on the aguA segment were obtained from the sequence NC_011898, archived in NCBI. (d) Xylanolytic gene
organization and CRE sites in Thermotoga maritima MSB8. xynAl and aguA are placed close to each other in this genome. Data on nucleotide sequence
and gene numbers on these segments were obtained from NC_000853, archived in NCBI.

the ABC transporter gene cluster, just in front of aguA, and or0074
and or0075 in the ABC transporter between xynA2 and xynB en-
coding a putative g-xylosidase.

Repression by the CcpA System.
Identification of Carbon Repression Element
Sites

The CcpA system has been defined for the repression of catabolic

gene expression in genera and species within the Firmicutes
as well as other bacterial phyla (Warner and Lolkema, 2003).

CcpA, in complex with HPr phosphorylated at a specific ser-
ine residue, binds to a cis-acting catabolite carbon repression
element (CRE) and blocks transcription of one or more genes
within an operon (Zalieckas et al., 1998). The CRE sites have
been defined as 14 base pairs that include the canonical se-
quence TG(T/A)AANCGNTN(A/T)CA in G. stearothermophilus and
Bacillus subtilis (Cho and Choi, 1999). CRE sites have also been
identified in genes within the xylan-utilization regulon of Paeni-
bacillus sp. JDR-2 at locations in which they might be expected
to account for the coordinate glucose repression of these genes
(Chow et al., 2007). These sites are noted in the gene arrange-
ments in Fig. 5a for Paenibacillus sp. JDR-2. CRE sites meeting
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Figure 6. Identification of functional sequences in the AraC response regulators. The protein sequences aligned are gene 5014 of Paenibacillus sp. JDR-2
(JDR_2_5014), gene 1762 of Geobacillus Y416MC10 (GYMC10_1762), and gene 0142 of Clostridium cellulolyticum H10 (Ccel_0142). The number at the end of
each line denotes the residue number of the amino acid at the end of that line. Asterisks below each column of three aligned residues represent
identity, while colons and periods represent similarity. “1” identifies the residues that participate in the phosphorylation process. “2” indicates the
aligned residues Asp55 (JDR_2_5014), AspS7 (GYMC10_1762), and Asp55 (Ccel_0142) that correspond to residue Asp57 of the AraC protein of Escherichia
coli and are the sites of phosphorylation in this signal transduction system. Response regulators function as dimers. “3” and “4” indicate the residues

that participate in the dimerization of the monomers.

the criteria of the canonical sequence are also identified in the
gene arrangements provided for Geobacillus sp Y412MC10 (Fig. 5b),
C. cellulolyticum H10 (Fig. 5c), and T. maritima MSB8 (Fig. 5d).
Very similar arrangements were found for genes encoding re-
sponse regulators, ABC transporters, AguA, and XynA2 for both
Paenibacillus sp JDR-2 and Geobacillus sp Y412MC10, and the lo-
cation of CRE sites are indicated within these regions. The gene
arrangement in C. cellulolyticum is notably different, with CRE
sites identified at locations within genes. All of the CRE sites in
the xylan-utilization regulon in Paenibacillus sp. JDR-2 were lo-
cated within or very near sites that contained strong promoters.
These preceded two genes encoding transcriptional regulators,
three genes encoding ABC transporters, three genes encoding in-
tracellular glycohydrolases, all within the aldouronate-utilization
cluster, and a site at the distal gene that encoded the secreted
multimodular cell-associated GH10 endoxylanase, XynAl (Chow
et al.,, 2007). The arrangement of the genes in Paenibacillus sp.
JDR-2 makes it attractive as a source of genes for the construc-
tion of synthetic operons. The CRE sites offer targets for mu-
tations that render them incapable of binding activated CcpA
complexes, and thereby insensitive to glucose repression. This
may be useful in the development of biocatalysts able to si-
multaneously utilize cellulose and xylan and carry on SSF on a
macroscale.

A CRE orthologous sequence was detected in the xylan-
utilization regulon proposed for the genome of T. maritima MSB8.
It is located within the substrate-binding protein of the ABC

transporter, which preceded a xynB gene encoding a putative -
xylosidase. In T. maritima TM1200, a gene encoding proteins of
low amino acid sequence similarity (32% identity) to the ccpA of
B. subtilis subsp. subtilis 168 is found within the genome. How-
ever, HPr and HPK defined in the functions of carbon catabo-
lite repression found in the Firmicutes were not found in T.
maritima. It is not known whether the CcpA-mediated mech-
anism of glucose repression operates in Thermotoga spp. as
it does in species of the Firmicutes. The putative CRE sites
in T maritima are less similar to the canonical sequences of
Bacillus spp. for which they have been experimentally verified
(Miwa et al., 2000).

Two-Component Signal Transduction
Regulation

Two genes, yesN and yesM, are at the start of the alduronate-
utilization gene cluster (Fig. 3). On the basis of Blastp, the yesN
gene and yesM genes of Paenibacillus sp. JDR-2 encode a response
regulator of the AraC/XylS family and a histidine kinase involved
in signal transduction, respectively. Orthologs were found for all
of the Firmicutes and also in S. avermitilis, but were not present in
T. maritima MSB8. Amino acid sequence alignments of the yesN
orthologs from Paenibacillus sp. JDR-2, C. cellulolyticum H10, and
Geobacillus sp. Y412MC10 clearly identified the regulatory regions
for CheY and AraC/XylS domains (Fig. 6). Although an ortholog
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Figure 7. Diagram depicting cellular location of enzymes for coupling depolymerization, assimilation, and metabolism.

of the AraC response regulators found in Firmicutes could not
be located in the xylan-utilization regulon in T. maritima MSB8, a
gene encoding a transcriptional regulator of the Ic1R family was
located at locus 0065 between the orthologous genes xynAl and
xynA2 (Fig. 5d).

The response regulators orthologous to the protein encoded by
the yesN gene in the Firmicutes, represented by Paenibacillus sp.
JDR-2, Geobacillus sp Y412MC10, and C. cellulolyticum H10, are ~520
amino acids and include a CheY-like receiver domain in the C-
terminus and an HTH AraC/XylS domain in the N-terminus. In
this respect, the protein encoded by the yesN gene is function-
ally similar to the AraC, XylS, and RhaR genes that have been
well studied in E. coli, although like orthologs in other Gram-
negative bacteria, these are smaller and are comprised of ~300
amino acids (Gallegos et al., 1997). The xynR gene in Prevotella
bryantii B14 encodes an 800 amino acid multidomain protein that
includes the response regulator and signal transduction func-
tions ascribed to the proteins encoded by the yesN and yesM in
Paenibacillus sp. JDR-2, and molecular studies have demonstrated
that this regulates the expression of genes comprising a xylanase
operon (Miyazaki et al., 2003). The co-induction of all of the genes
ascribed to the xylan-utilization regulon in Paenibacillus sp. JDR-
2 during growth on either MeGAX, or xylose and corepression of
these same genes during growth on glucose attest to the signifi-
cance of the response regulators and the associated signal trans-
duction proteins in this regulon. Geobacillus sp. Y412MC10 and C.
cellulolyticum H10, as well as Paenibacillus sp. JDR-2, have a num-
ber of paralogs in their respective genomes that are proximal
to glycohydrolases. It is likely that the yesN and yesM orthologs
would be required for the regulated expression of the other genes
encoding the ABC transporter proteins and glycohydrolases and
would be required for the construction of functional synthetic
operons.

Potential for Developing a Single Biocatalyst
to Efficiently Convert Xylose From
Glucuronoxylans to Fuels or Chemicals

Paenibacillus sp. JDR-2 cultures demonstrate a greater rate of
growth and produce more biomass with MeGAX, as substrate
than with comparable mass quantities of monosaccharides, for
example xylose, glucose, or glucuronate (St John et al., 2006a).
The ratios of the maximum rates of utilization for MeGAX, to
MeGAXj; (the aldouronate generated by the action of the XynA1l
on MeGAX,) or MeGX (the aldouronate generated by the dilute
acid hydrolysis of MeGX,,) were 2.75 and 2.5, respectively. The rates
of utilization of MeGAX,, MeGAXj3, and MeGX were proportional
to the rates of biomass formation and to the amount of biomass
formed (Nong et al., 2009). The absence of detectable oligosaccha-
rides in the medium during growth supports a process in which
the assimilation of products occurs rapidly as the products are
formed. The anchoring of the multimodular GH10 endoxylanase
to the cell surface through three SLH domains provides a rational
basis for generation of the products at sites where, with minimal
diffusion, they are recognized by the substrate-binding proteins
and efficiently delivered into the cell. Assuming the delivery pro-
cess relies on group transfers of oligosaccharides, the assimila-
tion consumes fewer ATP equivalents per xylose than would be
required for mono- or disaccharides. Thus, the process provides
bioenergetic coupling as a consequence of metabolism and is ki-
netically favored by the proximal location of depolymerization to
assimilation. The diagram in Fig. 7 presents the overall process of
the utilization of MeGAX; enzymatically derived from polymeric
MeGAX, as well as MeGX, a product of dilute acid hydrolysis.
The formation of xylotriose and xylobiose catalyzed by the cell-
associated XynAl may provide a similar advantage to that pro-
vided by the generation of MeGAX3 as none of these products are
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detected in the medium during the rapid phase of growth (Nong
etal., 2009; StJohn et al., 2006a). It is not known if the transporters
that assimilate the aldouronates also transport the xylobiose and
xylotriose. The role of the AguA to cleave the a-1,2-glycosidic bond
linking MeGA to xylose as in the case of MeGX, as well when link-
ing to the nonreducing terminus of xylotriose in MeGAX3, would
suggest that the substrate-binding protein encoded by the IplA
gene in Fig. 3 would discriminate between an aldouronate and a
neutral oligoxyloside (Nong et al., 2009).

A significant number of bacteria contain genes encoding mul-
timodular GH10 endoxylanases with SLH domains (St John et al.,
2006a), and this number is increasing as more genomes are se-
quenced. The common substitution of «-linked MeGA at the 2-O
position on xyloses within the backbone of the MeGAX,, presents
a metabolic challenge to microorganisms that rely on hemicellu-
lose as a principal substrate. It is thus somewhat surprising that
so few of these also contain aguA genes encoding GH67 AguAs.
The removal of MeGA from the MeGAX, by secreted AguAs has
been demonstrated with fungal enzymes (Tenkanen & Siika-aho,
2000). Most recently an extracellular AguA has been purified from
cultures of the yeast Pichia stipitis with the ability to catalyze the
extracellular removal of the MeGA from MeGAX, (Ryabova et al.,
2009). The gene encoding this enzyme has been located in the se-
quenced genome of P stipitis, and its amino acid sequence and
catalytic properties have led to its classification in glycohydro-
lase family 115. The expression of a gene encoding a GH115 AguA
was observed in the transcriptome study of Paenibacillus sp. JDR-2
when grown on MeGAX, (Sawhney et al., 2016). Unlike the Paeni-
bacillus sp. JDR-2 GH67 AguA, which was specific for the MeGAXs
in which MeGA is linked to the nonreducing terminal xylose in the
aldouronate generated by the action of the GH10 xylanase, the re-
combinant GH115 from Paenibacillus sp. JDR-2 released MeGA from
MeGAX; in which the linked xylose was other than the reduc-
ing terminus (Rhee et al., 2017). This enzyme also released MeGA
from polymeric MeGAX, as well as the aldouronates generated by
the action of GH11 and GH30 enzymes on MeGAX,. The lack of
SLH domain sequences in the genes encoding secreted xylanases
other than the multimodular secreted XynA1l suggests that they
may have a less significant role in the extracellular processing of
MeGAX,,.

The cell-associated multimodular GH10 xylanases along with
intracellular GH67 AguAs and the regulatory systems for promot-
ing assimilation and metabolism of the products of depolymer-
ization provide for the development of biocatalysts for converting
hemicellulosic biomass to biofuels and chemicals. Paenibacillus sp.
JDR-2 also has systems in which cell-associated multimodular 8-
1,3-1,4-glucanases (Chow et al., 2016) and amylases (Pan, 2014)
participate in the efficient processing and metabolism of soluble
glucans, adding to the components of plant biomass that can be
efficiently processed (Sawhney et al., 2016).

Many cellulolytic and xylanolytic bacterial species in the Firmi-
cutes have evolved systems that rapidly assimilate the products
of depolymerization, providing a more energetically efficient and
rapid rate of bioconversion, mitigating the need for harsh chemi-
cal pretreatments to release fermentable substrates. The system
in Paenibacillus sp. JDR-2 and the orthologous systems described
here offer a potential for the development of more efficient biocat-
alysts to process underutilized sources of plant biomass. Devel-
opment of new biocatalysts through downstream engineering for
fermentation to targeted products offers a promising path for in-
dustrial production of fuels and chemicals. On the other hand, the
xylan-utilization regulons described here may be used to engineer
genetically malleable species for production of targeted biobased
products from these resources.
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